In order to amplify the signal in a gold nanoparticle-based lateral flow immunoassay, a simple and sensitive method utilizing gold nanoparticle aggregates as a colored reagent formed with a polyamidoamine dendrimer was developed. The results were compared with that achieved by employing the individual nanoparticles used in the conventional lateral flow immunoassay. Under the optimized experimental conditions, a detection limit of 0.1 ng mL -1 for rabbit immunoglobulin G was achieved, which is almost 20-fold lower than that of the traditional method using individual gold nanoparticles. We believe that this simple, practical bioassay platform will be of interest for use in areas such as disease diagnostics, pathogen detection, and quality monitoring of food and water.
Introduction
Recently, the technology of lateral flow immunoassay (LFIA) has been widely employed in many fields, such as clinical diagnosis, 1 home testing, 2 point of care testing, 3 the detections of environmental pollutants of various and agricultural contaminations. 4, 5 This is because it is rapid, portable, disposable, inexpensive, and friendly in the user format. The method is based on the capillary action of fluid through porous nitrocellulose strips and colored nanoparticles, such as colloidal gold, 6 colloidal carbon, 7 liposome, 8 quantum dots, 9 etc., used as a colorimetric detector. Among the colored particles mentioned above, gold nanoparticles (GNP) are most commonly adopted due to their vivid color and excellent chemical stability. 10 When detection antibodies labeled with gold nanoparticles and analytes flow along a thin solid matrix, they eventually accumulate at a test line covered by captured antibodies through sandwich-type immunoreactions. Thus, the qualitative or semi-quantitative detection of various analytes are carried out by colorimetry either by naked eyes or with a strip reader. 11 However, some of these tests are still not sufficiently sensitive for accurate pointof-care (POC) use. Therefore, it is necessary to develop methods to improve the sensitivity of LFIA. Recently, much effort has been directed to improve the sensitivity. For example, a cross-flow chromatographic assay based on silver staining for improving the detection limit was reported. 12, 13 The color of the test lines caused by gold particles primarily accumulated upon immune recognition is greatly enhanced due to silver deposition. In addition, an alternative strategy for lowering the detection limit is to increase the amount of gold nanoparticles captured at the test line. Choi and coworkers utilized anti-BSA antibodylabeled gold particles to bind with the primarily accumulated gold nanoparticles blocked with bovine serum albumin through the antigen-antibody reaction.
14 As low as 0.01 ng mL -1 of troponin I can be detected using the dual GNP conjugate-based LFIA. Although the above-mentioned techniques are effective for signal amplification, they are both characterized by two-step (forming red line followed by enhancing the intensity of the red color) processes, and therefore are more complicated than the conventional LFIA. In order to overcome the shortage, mixing the chitosan/Fe2O3 nanocomposites with gold colloids to form gold nanoparticle clusters, Knopp and coworkers developed a new rapid one-step lateral-flow immunoassay to improve the sensitivity. 15 Here "one-step" means forming an enhanced red color is a one-time event. This study suggests that the use of the gold nanoparticle clusters to prepare antibody conjugations can increase the amount of gold nanoparticles on the test zone, and consequently the sensitivity of the conventional one-step LFIA can be improved.
Polyamidoamine dendrimers (PAMAM) are highly branched, tree-like, water-soluble, and multifunctional macromolecules that possess precise size and shape, as well as surface groups. Due to the number of peripheral functionality of dendrimers, many possible sites can be used to bear multiple molecules 16 and nano-materials, such as quantum dots. 17 Gold nanoparticles are also immobilized on the surface of PAMAM dendrimers by a charge interaction. 18 This nature was applied in for improving the sensitivity of the electrochemical immunosensor. 19 In this study, we attempted to report on a new signal amplification strategy using PAMAM. The strategy is to use aggregates of gold nanoparticles as colored reagents instead of individual gold nanoparticles. The scheme is shown in Scheme 1. Using this strategy, we could achieve a high-sensitivity one-step LFIA for the analysis of rabbit immunoglobulin G (R-IgG) as a model analyte.
Experimental

Reagents and materials
Goat anti-rabbit-IgG antibody, mouse anti-goat-IgG antibody (secondary antibody), rabbit-IgG (R-IgG), bovin serum albumin (BSA), HAuCl4, sodium citrate, PAMAM G4, phosphate buffer saline (PBS, 0.01 M) and 0.01 M PBS containing a 1% Tween 20 solution (PBST, pH 7.4) were purchased from SigmaAldrich. All other chemicals used in this study were of analytical reagent grade. Glass fibers, cellulose fiber, sample pads, laminated cards and nitrocellulose membranes were purchased from Millipore (Bedford, MA).
Apparatus
An Airjet AJQ 3000 dispenser, a Biojet BJQ 3000 dispenser, a clamshell laminator and a guillotine cutting module, CM 4000, were purchased from Biodot Ltd. (Irvine, CA). The Portable strip reader, DT1030, was purchased from Shanghai Goldbio Tech. Co., Ltd. (Shanghai, China).
Preparation of gold nanoparticles (GNP)
An approximately 16 nm-diameter GNP was prepared according to a previously described method. 20 Briefly, a 250-mL aqueous solution of 0.01% HAuCl4 was heated to boiling, and vigorously stirred in a 500-mL round-bottom flask; then, 4.5 mL of 1% sodium citrate was added quickly to this solution. The color of the solution turned deep blue within 20 s, and finally changed to wine-red after 60 s. Boiling was continued for an additional 10 min. After that, the solution was cooled to room temperature with continuous stirring. The concentration of the resulting Au colloid solutions was about 47.8 μg mL -1 . The resulting Au colloid solutions were stored in a refrigerator in a dark-colored glass bottle at 4 C before use. Glassware to be used in the above procedures was cleaned with a HCl/HNO3 (3/1) solution, and then thoroughly rinsed with water and dried prior to use.
Preparation of PAMAM-GNP conjugates
To prepare the PAMAM-GNP conjugates, 50 μL of PAMAM (5 nM) was added to 250 μL of 5-fold concentrated GNP colloid (239.0 μg mL -1 ). After incubation for 12 h at 4 C, the mixture was centrifuged at 12000 rpm (16120.2g) and 4 C for 15 min to remove any excess reagents. Then, 250 μL of water was added to the PAMAM-GNP conjugates to be re-suspended. The centrifugation and suspension processes were repeated twice, and the final suspension solution (250 μL) was used for labeling antibodies and characterizing PAMAM-GNP conjugates with a transmission electron microscope (TEM). A 5-fold concentrated GNP colloid was also prepared for TEM.
Preparation of a PAMAM-GNP-antibody conjugate (PAMAM-GNP-Ab)
In a typical protocol for coupling an antibody to PAMAM-GNP, the pH value of a PAMAM-GNP solution was firstly adjusted to 9.0 with 200 mM Na2CO3. Then, 5 μL of a goat anti-rabbit-IgG antibody solution (2.3 μg mL -1 ) was added to 250 μL of a PAMAM-modified GNP solution. After incubation for 2 h, 25 μL of 10% BSA was added to the mixture, and incubated for another 30 min. Subsequently, the solution was separated by centrifuging at 12000 rpm (16120.2g) and 4 C for 15 min. The precipitated PAMAM-GNP-Ab conjugates were washed twice with 250 μL of PBS buffer (pH 7.4), and finally redispersed in 250 μL of an aqueous solution containing 20 mM Na3PO4 12H2O, 5% BSA, 0.25% Tween 20, and 10% sucrose.
Preparation of strip
A schematic diagram of the PAMAM-GNP-based LFIA is shown in Scheme 1. The strip consists of four components: a sample application pad, a conjugate pad, a nitrocellulose membrane, and an absorbent pad.
The sample application pad (17 mm × 30 cm) was made from cellulose fiber (CFSP001700, Millipore). It was soaked with a buffer (pH 8.0) containing 0.25% Triton X-100, 0.05 M Tris-HCl, 2.5% Tween 20 and 0.15 mM NaCl. It was then dried and stored in desiccators at room temperature.
A desired volume of PAMAM-GNP-Ab conjugate solution (6 μL) was dispensed onto the glass fiber pad (8 mm × 30 cm). The pad was dried at room temperature and stored at 4 C.
The test zone and control zone were prepared by dispensing goat anti-rabbit-IgG antibody (1 mg mL -1 ) and mouse anti-goatIgG antibody (secondary antibody, 1 mg mL -1 ) solutions on the nitrocellulose membrane, respectively. The distance between them was around 0.2 cm. The membrane was dried at room temperature for 1 h and stored at 4 C. Finally, all of the parts were assembled on a plastic adhesive backing layer (typically an inert plastic, e.g., polyester) using the Clamshell Laminator. Each part overlapped 2 mm to ensure that the solution would migrate through the strip during the assay. Immuno chromatographic strips with a 4.7-mm width were cut by using the Guillotin cutting module CM 4000.
The GNP-based strip was prepared using a protocol similar to that described above, except GNP instead of PAMAM-GNP clusters were used for preparing antibody conjugates.
Assay procedure
The procedure of LFIA was the following: (1) A 100-μL of sample solution containing a desired concentration of antigen in running buffer (PBST buffer) was added into a 1-mL tube. (2) The sample application pad was inserted into the abovedescribed sample solution. into the tube for washing so as to ensure that all antigens would migrate to the test zone. (4) After 15 min, the intensity of the color at the test zone and the control zone could be quantitative analyzed with "GoldBio strip reader" software. The intensity of the red color at the test zone is proportional to the concentration of the analyte in the sample. The control line will always show color, which indicates that gold conjugate is working.
Results and Discussion
Principle of the LFIA measurement Scheme 1 illustrates the protocol of LFIA for measuring the R-IgG model target. Typically, when the strip was dipped into a sample solution containing R-IgG, the solution migrated by capillary action, and rehydrated the PAMAM-GNP aggregates. Then, binding between the PAMAM-GNP and R-IgG occurred, and the formed complexes continued to migrate along the strip. When they reached the test zone, the complexes were captured by the goat anti-rabbit-IgG antibodies immobilized on the test zone, forming sandwich complexes. A red band could be observed because of the accumulation of PAMAM-GNP aggregates. The excess PAMAM-GNP aggregates continued to migrate through the control zone and were captured by secondary antibodies pre-immobilized on the control zone, forming another red band. In the absence of R-IgG, only one red band was observed in the control zone. This showed that the biosensor was working properly. Quantitative analysis was realized by reading the optical intensities of the red bands with a portable strip reader.
The sensitivity of LFIA often directly correlates with the number of gold nanoparticles. In order to prove an enhancement of the signal with PAMAM-GNP aggregates, we analyzed R-IgG with concentrations of 20 ng mL -1 (Fig. 1, strip a, b ) and 2 ng mL -1 (Fig. 1, strip c, d ) using individual GNP and PAMAM-GNP aggregates as colored reagents, respectively. Due to the special structure of PAMAM, many gold nanoparticles can be immobilized on the periphery of PAMAM, resulting in the formation of gold nanoparticle clusters (Scheme 1). When complexes of PAMAM-GNP and R-IgG migrate along the strip, and pass through the test zone, more gold nanoparticles are captured on the test zone than that using individual gold nanoparticles, and therefore the optical intensities of the red bands are improved. Figure 1 indicates the obvious difference of the optical intensity of red bands resulting from individual gold nanoparticles (strip a, c) and PAMAM-GNP aggregates (strip b, d), respectively. Therefore, the detection signal was significantly enhanced by using PAMAM-GNP aggregates instead of individual GNP. We also demonstrated that the signal produced by aggregates of GNPs (16 nm) is stronger than larger individual GNPs (30 nm, 40 nm). Table 1 shows that this is not due to just a size effect.
The characterization of PAMAM-GNP conjugates
Gold nanoparticles exhibit strong absorption in the visible range. If some materials were immobilized on the surface of GNPs, red shift of ultraviolet visible absorption spectrum (UV) would be observed. Thus, UV-vis spectroscopy can be used to characterize the formation of PAMAM-GNP nanocomposites. 21 The absorption band of gold colloid has its maximum at 527 nm (Fig. 2a) , while PAMAM-GNP shows a maximum at 533 nm (Fig. 2b) ; a 6 nm red shift was observed. This result displayed the formation of PAMAM-GNP conjugates.
Transmission electron microscope (TEM) investigations were also carried out to further characterize the particle aggregates. The as-prepared GNPs were well dispersed with uniform particle size (Fig. 3B) . Au nanoparticles were negatively charged and amino groups of PAMAM were positively charged. After the addition of PAMAM into the GNP solution, GNPs were bound to PAMAM through the electrostatic interaction, the GNPs aggregated together to form a close-packed structure (Fig. 3A) . The concentrations of the GNP colloid corresponding to Figs. 3A and 3B were the same (239.0 μg mL -1 ). The results of TEM analysis are consistent with the conclution reported by Cai.
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Optimization of experimental conditions
To obtain the best sensitivity and reproducibility of the assay, analytical parameters including the volume ratio of PAMAM to gold colloid, the conjugation time of PAMAM (5 nM) with a 5-fold concentrated gold nanoparticle colloid, the volume of PAMAM-GNP aggregates modified by antibodies (PAMAM-GNP-Ab) solution, and the components of the running buffers were optimized. A histogram of the signal-to-noise (S/N) ratio of LFIA for 40 ng mL -1 of R-IgG is shown in Fig. 4 . Here, S represents the peak area of the test zone and N represents the peak area of the control zone.
The first step toward optimization of the assay was to determine the optimum volume ratio of PAMAM (5 nM) to gold colloid for forming aggregates of PAMAM-GNP. The graph shown in Fig. 4A represents differing PAMAM volumes added to a constant volume (250 μL) of a 5-fold concentrated gold colloid (239.0 μg mL -1 ) in the range from 10 to 100 μL. The intensity of the red band is the highest when the PAMAM volume is 50 μL, and which was selected in following experiments.
The conjugation time of PAMAM (5 nM) with the 5-fold concentrated gold nanoparticle colloid was studied in the range from 2 to 12 h. Figure 4B displays the effect of the conjugation time on the intensity of the test line from 4 to 16 h. The highest signal was obtained when the conjugation time was 12 h. When the conjugation time was longer than 12 h, the signal decreased. This is probably because a longer conjugation time would result in a too big volume of the PAMAN-GNP conjugates, which hinders sandwich-type reaction. Thus, a conjugation time of 12 h was selected in following experiments.
The amount of PAMAM-GNP-Ab loaded onto the conjugate pad of the strip was determined by the volume of the PAMAM-GNP-Ab solution dropped onto the conjugate pad. The amount of the conjugates was optimized in the range from 2 to 8 μL. Figure 4C shows that the signal increased with the increase of the volume of the PAMAM-GNP-Ab solution. It is probably because a sufficient volume of the PAMAM-GNP-Ab solution ensured that a sufficient amount of PAMAM-GNP-Ab immobilized on the test line by the sandwich-type reaction. When the volume reached 8 μL, the signal did not change obviously, probably due to the amount of saturated PAMAM-GNP-Ab. This, a volume of 6 μL was selected in following experiments.
Four running buffers including PBS, PBS + 1% BSA (PBSB), PBS + 0.1% Tween 20 (PBST), PBST + 1% BSA (PBSTB) were used for the optimization. Figure 4D shows the best performance of the LFIA that was obtained with the PBST buffer.
Analytical performance characteristics
Under the optimized conditions, the calibration curves were obtained by monitoring the intensity of the red band in the test line as a function of the R-IgG concentrations (Fig. 5) . Calibration curves of the LFIA were obtained with different concentrations of R-IgG using the PAMAM-GNP-based (curve a) and GNP-based (curve b) method under the optimum experimental conditions. The error bars represent the standard deviation, n = 3.
The linear range was from 1.0 to 50 ng mL -1 (curve a) and 5.0 to 100 ng mL -1 (curve b). The detection limit obtained according to 3-times the signal of blank samples was 0.1 and 2.0 ng mL -1 respectively. The signal-amplification method developed in this study was 20-fold more sensitive than the normal LFIA based GNP, although the linear range was not as wide as that of the GNP-based method.
To investigate the reproducibility of the proposed assay method, a sample with a R-IgG concentration of 40 ng mL -1 was successively detected 6 times under the optimized conditions. Acceptable repeatability was observed with a relative standard deviation (RSD) of 7.6%, which indicates that the immunoassay can be constructed and used for analysis with excellent reproducibility.
Conclusions
A high-sensitivity LFIA method using PAMAM-GNP aggregates instead of the individual nanoparticles commonly adopted in conventional LFIA was developed. Because more GNP can be adsorbed on the functional end groups of PAMAM, more GNP were conjugated on the test line, which improved the sensitivity of the strip assay. Under the optimal conditions, the linear range was from 1.0 to 50 ng mL -1 and the detection limit was 0.1 ng mL -1 . The resulting biosensor exhibited good analytical performance and holds great promise for extended applications in the field of clinical diagnoses, bioaffinity assays and environmental monitoring.
